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The purpose of thig study wes to mike on exsorinontel investdca 
“ion of the effect of a sharp velocity gredient on the oseilintiona of 


en airfoil, This information is pertinent to the formulation of theoriog 
for predicting tail buffeting, 
vide conditions Corresponding 


The test equipsont wes designed to vro- 


88 Closely as possible te those based on the 
assumptions of Lo in his theoretical. study of 


parellel streams separated by an interface, 


f an oscillating airfoil in 


Because of the viscous nature of air, the assumptions of Le could 
ak be simuleted suificiently close te perait on experimental sheck on 
his findings, Tho simietion, hovever, ws adecuate to provide for an 
emperinental check on his fundan nial point of of view as an oxplensticn of 
buffeting, 

The presence of the high speed flutter srodi.cted by theory wag 
verified, Variztions in the flutter speed and flutter frequeney wore 
noted as the position af the Sharp velocity gradient relativo to the aim 
‘foil was sac. but these variations were not Considered significert, 
4 low speed oscillation was found which the evidence aveileble 


vortices formed in the flew by the ameri- 


speed of the wind tunnel preelued a therough investi. 


gation of the lower speeds in the lew range, 


The evidence found in this investigation, though not conclusive, 


 indSeates that buffeting 4s Sinply the response ef an olagtic systen to 
_. & turbulent flow, No conclusive evidence was found to indicate that a 
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"Further investigation of the atrflov created ty the experimental 
| Seteup used de recomentod in onler to ox lain precisely the oscillation 
phenomena encountered, 
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I, DPRMUCTION 


The critical speed at which wing flutter occurs in flight vith a 
given set of physical congtants for the structure can be prodicted with 
reasonable accuracy by the use of procedures such as those fowxl in 
References l and 2, Those structures can be so designed that the flutter 
speed is well above the speod range in which the aireref is to be 
— operated. Theerles, however, for predicting tail buffeting, ummlly 
eadodiated with the action of vortices in the wing wile ar in the pros 
pellor slipstream, are laciting, although numerous practical nethods are 
aveileble for liniting its effects. 

Lo (Reference 3) points out that this gap in acredynamic theory 
arises from the fact that the actual mature of the wake behind a wing 
hes not yet been established, The effect of the we on the tail has 
been acproximated by Abdrashitov (Reforense 4) in the form of a harmonic 
disturbance force. Lo introduces an entirely different approach. In a 
- theoretical treatment he approximates the wing whe by an intorface, 
1.06, & plone across wrich tho flow undergoes finite, constant changes in 
density and velocity, and considers the possibility of airfoil *lutter 
in the vicinity of the interface, fle finds thet in addition te the high 
Decent wink Mibiet an aivtokh fe tigetiie of Phubtir ot lov epeed Ween 
‘placed near an interface, Ne works out an exuuple in which he first 
‘determines the flexure-torsion flutter speed of a two-dimensional wing by 
conventional methods, By introducing an interface in the plane of or 
close to the airfoil, he finds that although the upper flutter speed is 
only redueed by ebout 10 per cent, flutter phenomena also take place at 
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e speed of less than 3 per cent of the conventional value, He finds 
thet the predominant node of oscillation is torsioncl] in the hicher speed 
cease and flexural for the lower speed, 

In formulating the problem Le mde the following assumptions: 

{a) the wake given off by the wing may be approximated by an 


interface across which the flow undergoes a constent change in velocity 


and density; the interface is flat, of zero thiclmess and extends to 
infinity in all directions; 
| (b) the tail surface is of infinite asnect ratios 

(c) the oscillating motion is two dinensionel; 

(a) the flow is incompressible and non-viscous; 

(e) the thicimess of the tail surface and the amplituie are 
$mell in comparison with the chord; 

(£2) the oscillation is periodio; 

(c) the teil has a moan position parallel to the surface, 

Fron the point of view thet a velocity cradient is a vortex layer, 
and an interface is « vortex layer of zero thickness, it is seen that Lo 
theoretically presents the fundamentals of the viscous shear flew approach 
to the explanation of buffeting. 

This investigation was doncerned with checking experimentally the 
results obtained by Lo in order to either obtain evidence wich vould sub- 
stantiate the viscous shear flew approach to the buffeting problem 
where consideration 19 civen to the possibility that it is a flutter 
phononena, or to obtain evidence wiich would establish buffeting as 


= 


_pimply the response of en elastic systen to a turbulent flow. 
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“A wind tunnel soteup wae designed whieh provided conditions which 
corresponded as closely as possible to Lo's asswaptions. Although an 
interface such as le postulated can not be produced experimentally with 
eir beeause of its viscous nature, the correspondence obtained in this 
experinent is considered much better than that which would ever exist 
undér actual flight conditions of on aircraft. 

Thus, although Lo's thoorctical findings eannot be checked 
experimentally, the simulation of his asmmmptions is adequate to provide 
for an experimental check on his fundanentel point of view as an ox 
Plenation of the cause of buffeting. It is pertinent to see if a sharp 
‘welocity gradient near an oscilleting airfoil lowers the flutter specd 
to the extent thet flutter phenonena must be considered in formulating 
theories for predieting buffeting. 

in this investigation the flexure-torsion flutter characteristics 
of a two~d4nonsional NACA 0006 airfoil were determined in an undisturbed 
flow, A sharp velocity discontinuity was created near the airfoil ani 
fits effects on flutter speed were observed, Linitation of the minimm 
operating speed of the wind tunnel precluded a thorough investigation of 


the lewer speeds in the low rane. 


The seove of this investigation 1s confined to the speed recime 
where sir may be assumed incompressible, DBuffeting dus to unstable 


shock waves has not been considered, 
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IT, DESCRIPTION OF APPARATUS 


_ The wind tummel wes an openereturn type (Pigure 1) powered by a 
125 h.p. autemobile engine with a three speed transmission, A detailed 
description is givon in Reference 5, Throttle control from the locality 
of the test-section was provided with a remotely controlled reversible 
d.c. motor. 
The wind tunnel was cesigned to provide flow with a ninimm of 
turbulence, This was accomplished by using a large contraction ratio 


_ combined with three screens, two of cheese cloth and one of 20 nesh 


cooper screening, placed at one foot intervals at the inlet of the tumnol 
as shown in Figure 1, 
Vibrations of the engine-propellor section wore isolated by means 
of a 1} inch gep betwoon this section and the rest of the wind tumel, 
The maximum and minimum speeds obtainable in the test section 


were approximately 65 feat per second and 10 feet per second, respectively. 


An NACA 0006 airfoil was mounted vertically in the test soction as 


shown in the photograph of Figure 2(a), It ws clamped to steel springs 
at each end (Picure 2(b) ) end the springs passed through slots in the 
-‘Wpper and lower tunnel wolle end were themselves clamped to heavy steel | 


brackets, The cross-section of the springs ws 1/2 inch by 1/16 inch 
and the clams were adjusted so that a spring length of 7) inches was 


-obteined, The clamping action was sufficient to withstand a tonsion 
load on the springs of over 75 lbs, 


The tension on the springs was maintained at a practically con- 


gtant value by mans of a horizontel spring flexure incorporated into 


the design of the lower mounting elemp (Figure 3). 
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The airfoil was of laminated wood construction with a 9 inch 
chord and 35 inch span, The lift coefficient versus ongle of attack for 


the airfoil is civen in Figure 4. Tho various physical constants of the 


epring-oirfoil system are given in the Appondix, 
The axis of the airfoil was carefully aligned with the tunnel 
exis and thus the engle of attack of the airfoil was neintained at zero 
degrees, With this alignment the airfoil exhibited no tendency to nove 
sidewise under the action of the airflow, 

The maximum amplitude of oselllation of the airfoil was restricted 
by means of rubber stops (Figure 2(n) ) and in addition restraining bere 
provided a neans of completely stopping all notion of the airfoil at any 


tine by forcing the springs against the edces of the timmel wall slots. 


The lower restraining ber can be seen in Picure 2(b). 
| Two sets of strein gages were attached to the upper spring, one 


get mounted parcllel to the spring axis and the other set mounted at 45 


degrees to the axis. These two sects of strain gares measured bending 
end torvional strains, reapectively, although 4¢ was not possible to 
seperate completely the tvo types of strain, partioulearly in the set for 
bending measurements. Results were considered satisfactory howevor, as 
the primary purpose of the strain gages wos that of froqueney determin 
ation. 

The output of the paces was fed throuch an amplifier to a Helland 
Type A 400 Re6 recording oseillegraph, where the oscillations were 
Seitad dn bits Ware fern th senkiheel phetecvaphia recetting tapes” 
Timing Lines spaced 0,01 seconds apart were also recorded on this tape 
end thus oseililation frequencies wore readily available. Samle 
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The velocity gradient was created by installing a two-dimensional 


6) and also in the photograph of the experimental set-up (igure 2(a) ). 
| ‘Ths body, @ Srmowerk covored with choot eluninm, wns referred to 
throughout the investigntion os the "barrion™, Tt was designed to por- 
att quick instelletion An or ronovel from the test~section and could be 
‘* easily moved to various positions whon in the test~soction, 
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body inte the flow as shown in the plan view of the test section (Figure - 
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OI, TEST PROCEDURE 


A cross-sectional survey of velocity distribution in the m 
restricted wind-tunnel test section is plotted in Pigure 7. 

Velocity surveys were conducted at testesection velocities of 
50 foet per second and 17 foct per second with the barrier installed and 
the results are show graphically in Ficures 6 and 9, respectively, 

Tutt surveys of the flow with the barrier installed wore also 
conducted. In the high speed case the tuft survey indicated that the 
flow was rolatively non-turbulent and parallel to the airfoil choriline 
gn the high aide of the velocity gradient. However, the tuft measure~ 
ments could not be dopended upon to detect horizontal direction variations 
of loss than 5 degrees, Tn the low speed case there vas insufficient flow 
to make a significant tuft swvey. Resulte obtained with the tuft were 
used only for a qualitative appraisel of flew conditions, 
| With no flow through the wind tunnel. the frequency of osedUation 
of the two modes wos determined. The goantry of the system wis such 
that various weights hung from the lower spring would give various fre~ 
queney retios, The explenation of this lies 4n the fact that added 
weight had considerable effect on the netural flexurel frequency but 
little effect on the natural torsiom] frequency, thus rosulting in a 
change of the frequency ratio. In order to use the information that 
would be available from an investigation of the flutter characteristics 
of the eirfoil with different frequency ratios, and thus provide curves 
rather then points to study, it was desired to determine oxperinentally 


the rolationship existing between weight added to the spring vorsus 


frequency ratio, 
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Tt was found to be impossible to obtain direct oscillograph 
recordings of the two natural frequencies because of the dynamite 
coupling botween the torsional and flexural modes of oscillation, An 
oscillograph recording Showing the effect of coupling on strain gage 
response is presentod in Figure 5(a), : 

it was noted, however, that the nodes p 100., the paint about 
Which the airfoil oscillated as if 2% haa only a torsional derree of 
freedom, could be easily loonted and that the airfoil could be caused to 
oscillate about the node. The node location was fowd and the frecuengy 
of oscillation recorded on the ose llograph, By means of a vrocedure 
given in the Avpendix the fundamortal frequencies were deduced from thése 
date, The results are presented fwaphically in Figures 10, 11, and 12, 

The flutter speed was determined with and without the berriler 
installed, Shorteonings of the sped gontrol mechanism vere ovident in 
thet the atiaiment of a desired velocity to within 0.5 foet per second 
‘WOB frequently a time-consuming process, The mechanisn vas not capable 


Of making very gall changes in the speed setting and in addition spoed 
; variation for a civen throttle Setting frequently apseared, 


Flutter speeds were determined for the zero tension condition 
with the barrier in several different fore-ande<tt positions. The 
results ore plotted in Figure 13, it was early seen that the lateral 
iocation of the airfoil centerline, 2 inches inboard of the barricr as 


. shown in Pigure 6, was the optimm one insofar as this position -laces 
_ the airfoil as close to the velocity cradient as is practical without 


undue direct interference between the two. 
On a mmber of rms the flutter froquoney was determined as-woll 
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as the flutter ssecd, The mean frequensy for each berrier position is 
is presented graphically in Pigure 13, The mean frequoney is plotted 

a inasmuch as the average spread of frequency wos only 0,3 radian por 
secom which resulted in points vory close together, 

Plutter speeds wore also determined with woigits hung on the lower 
spring to change the frequency retie of the system, Por two sots of 
: runs the berrier wos removed and for another sot the barrier was located 
2 chord longth choad of the airfoil loading edge, The results are 
plotted in Figure 14. 

After the presenes of the predicted high speed flutter had been 
vorifiod an! the characteristics of the oxerimental set-up had been 
éhecked, as outlined above, the test procedure consisted of thoroughly 
investigating velocities bolow the flutter speed in a search for the 
presence of oscillations at sone lower speed as predicted by Lo. 

The wind tumel inpoced Linitetions on this part of the investi- 
gation in that the minim velocity at which the twmel could be 
opersted was at approximitely 10 foot per second, 


I¥, DISCUSSIC? OF M=5uLTs 


Phe velocity profiles which existed within the tost-section with 
the barrier installed, and the bounderies of the velocity cradient cre~ 
ated by the berrier aro indicated graphically in Figures 6 and 9, Lines 
of constant velocity outline the position of the velocity gradient which 
consists of a region across waich the magnitude of flow velocity vories 
from that of the free stream to a sreatly reduced value. The edce of the 
velocity grecient adjacent to the eirfoil is quite distinct and is nocorly 
parellel to the plane of the airfoil, The "edge" is here defined in a 
mamner analagous to that used in speaking of the edge of a boundary 
layer, Within this region the sharpness of the velocity eredient 
varies, becoming less stoep with domstream distance, On the avorare, 
the flow velocity ia reduced by 50 per cent at stations + inch fron the 


edge of the velocity gradient. A comparison of Pigures $ and 9 shows the 


decrease in sharpness of the velocity gredient which accompaniod the 
decreases in tunnel specd, 

Although the proper equipuent for studying the degree of turbulence 
within the region near the airfoil we uavellable, tests with tho hot- 
wire equipment boing used by Macready and Iindden of GALCIT in their 
study of atmospheric turbulence failed to show any long poriod turbulence 
except in the wakes of the airfoil and barrier and in the noighborhood 
of the airfoil when it wes oscillating violently, The apvaratus had a 
tine constant of 0.01 seconds, The previously mentioned tu™ surveys 
shoved that the airflow 2ast the airfoil we Sairly straight although 4t 
is posaible that tho airfoil wos ct sone slight englo of attack when the 


berricr wos in place, 
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The curves of Figure 12 demonstrate the close agreenent botween 
the theoretical and experimental frequency determinations, especially 
when the springs wore under sero tension, The equations on which the 
theoretical curves are based are dorived in detail under caleuletions in 
the Appendix. The discrepancy wiich oxists under leading can be explained 
by changes in the relative degree of clamping, As was stated previously, 
it was found to be impossible to determine the torsional and flexural 
frequencies by direct measurenent due to the dynamic coupling between 
théd~two degrees of freedom, Instead, the location of the node point 
and the froquoney of vibration about the node ws recorded, These data 
are plotted in Figure 10, the frequoney aurve (solid) in Figure 10 con 
be regarded as the moan between the two dotted curves, The date should 
have Sellen on a smooth curve since the accuracy of frequency determin~ 
ation was of a hich order. Tho fact that almost all the oxerinental 
points lie within a definite area and form a pattern within the areca scens 
to indicate that the degree of clamping was not fined but varied betwoen 
two linits. Pho meen fenecendy eeaee wae: vedi te caloudate: the! tun 
natural frequencies (see Appendix). 

Byidence of a lack of uniform spring clamping appeared early in 
the experinont ond the necessity for greater uniformity in clamping 
action wes appreciated, Several wmsuecesstul attempts to obtain’ the — 
desired uniformity wore nade, and toward the end of the experinent the 
elanps were redesigned as show in Pigure 3, This design provided for 
definite clamping edges 2t !mown locations. Difficulties attributable 
to veriable clenping action persisted however, and no completely satis- 
factory solution wos found, . 

Flutter speod is fonerally defined as the louwst speed at which 
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an airfoil with a specified number of degrees of freedom will become 
unstable, In this investigation, a fairly wide range of specds ws found, 
on the order of 7 fect per socond, within which oscillations would start 
of themselves, build up to a stable amplitude, and die out upon reduction 


of speed, Tho mutime femal amlitude was United by tho width of 


the slots in the tunnel wills and when this amplitude was reached a 
different, more violent tyse of oscillation was fod to occur which was 


 gharacterized ty large torsion:l anplitudes ani by the springs striking 


the wills of the slite with considerable force. 

For oscillations of large amplitude, the linearised theory of 
flutter as presented in Reforentes 1 and 2 no longer holds, Strictly 
speaking, the linearised acrodynamie theory holds only for oscillations 
of infinitesim amlitude, For Minite amlitudes, the flutter derivatives 
exe no longer constants, but depend on the amplitutes. Furthemore, the 
internal damping ef the system, noglected in the theory of Referonce 1, 
and alse neglected in the calculations of this paper, may not be nege 
ligible for finite anplitude oseillations, especially in view of the 
possibility of its boeering non-linoar, [onee tho classical theory 
cannot be applied, 

Flutter speed ws thus defined aa the lowest speed at which the 
gncllest, regular oscillations would occur, This gave a flutter speed a 
good deal higher than the predicted value, as can be soen in Figure 15, 
Although this corresponded with the usual definition of flutter speed, a 
georious disadvontace of this oriterion Iny in ite indefiniteness. It 
was frequently 4iftioult to deternine uhether ar not the amell motions of 
the airfoil wore ropulsr or whether they wore intermittant and caused by 
turbulence in the airflow, This wos particularly true when the barrier 
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was in ploce. Although it wes felt that the turbulence was not excessive, 
the effect of @mll flow perturbations at speeds close to the flutter 
specd was sufficiont to seni the airfoil into oscilletions which died 

out reletively slowly. An attempt ws nade te amalyze signals from the 
strain gages in an oscilloscope, but it we found that the sipmals which 
corresponded to suall opeillations of the systen required ammlification 

in order to be of any value, Squipment which would do this and which would 
also filter out extraneous signals from such sources as the encine ws 


uhavallable, 


Other investigators appear to have had similar difficulties in 
thet they also oncountered a rother wide range of speeds at which flutter 
would occur. For oxuple, Figure 15, reproduced from Pigure 15 of 


Reference 3, shows a range of experimental flutter speeds far a civen 


value of the naturel frequency ratio rather than any definite speed. An 
exeninotion of Figure 1§ a250 shows that the oxperimental flutter speeds 
wore always greater than the theoretical value by amounts ceveraging over 
15 per cont of the theorstieal valw, This may be compared with an 
average flutter speed 27 per eent higher than the theoretical value as 
determined in thig investigation without considering the effects of 
finite aspect ratio end the boundary layer of the tumel walls. ‘The 
reference accounts for the difference ty the influence of internal friction 
not taken into account in the theoretical calculations, Internal friction 
is rolatively much greeter in systens designed to flutter et lew spoeds 
than it is in actual structures where the flutter speed is much hicher, 
and internal friction will alimys tend to reise the fluttor speed. These 
Considerations will account for the seemingly larger difference betwoen 


BPA 


theoretical and experimental resulta obtained in this study, 

ley speed oscillations were found at approximately one third the 
flutter velocity for the phenomenon deseribed above, These oscillations 
occurred with the barrier in the 3/4 and 1 chord positions, When the 
position of the barrier relative to the airfoil was closer then 3/4 
chord no oscillations were detected, It should be noted however, that 
the speed range of these low speed oscillations was close to the ninimm 
operating speed of the tumnel, and thus the low speed operating Lint tebions 
of the wind tumnel prevented a thorough investigation for the prescnee 
of omciliations when the relative barrier to airfoil distance ws less 
than 3/2, chord, 

When the barrier was moved closer leterally to the airfoil than 
the standard relative distence of 2 inches indicated in Figure 6, the 
speed at which oscillations occurred was unchanged as long as the edge 
of the velocity gradient did not towch the airfoil, 

These low speed oscillations were of large amplitude and pree 
dominantly torsional in mode, (See oscillograph record in Figure 5(b).) 
The oscillations occurred only in e very narrow speed range, fron 14.1 
to 17.0 feet per second at the 3/4 chord position and 15,0 to 13,0 fect 
per second at the 1 chord position. 
| The frequenty of oscillation was practically constant regardless 
of the speed end barrier position, Six of eleven oscillegraph recordings 


‘telon at various speeds and with the barrier at bebh the 3/4 ani 1 chard 


positious give a frequency of 53.6 redians per sesond, vbhile the other 
five were very close to this. The natural torsional frequency of the 
syste (Pigure 12) was determined experinentally te be approxiutely 
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54.00 radions per second, 

Io (Reference 3) predicted that an airfoil oscillating near an 
interface could have a very low speed flutter in addition to the remler 
high epeed flu'ter and that this flutter would be predominantly flexural 
in mode, The low speed oscillation found in this study does not appesr 
to be the low speed flutter predicted by Lo inasmuch as it is torsional 
in mode, of large amplitude with a trecuency approximstely the sano as 
the natural torsional frequeney of the systen, and it oceurs at a speed 
much higher than thet at vhich Lo indloated his predicted Slutter would 
occur, 

The nature of the low speed oscillation found in this study does 
indicate however, the likely possibility that it is due to vortex 
shedding. The use of Tyler's formula, M> sina/V = K, (Roforence 77) 
incicatos that the anzle of attack of the airfoil would have to be over 
20 degrees to give a valuc of K in agreonont with Tyler's average value 
of 0,15 for airfoils, ‘Though no precise neasuranents of flow direction 
could be obtained, in view of the care talon to maintain e zero angle of 
attack, it ig mlikely that the encle of attack approache’ this high 
value, Therefore, the more plausible explanation is that the oscillations 
were due to periodic vortices formed in the flow behind the blunt trail- 
ing edge of the tarrier, Additionel 4nformtion on both the nature and 


the direction of the flow is needed to determine conelusively the cause 
of this Low speed oscillation, 


The information that would make possible a precise explanation of 
the flutter and ogetllstion phenomens encountered in this experiment could 
probably be obtained with the proper hotwire cculpment. The flow angle 
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could be determine! by use of a symmetric airfoil with symmetrically 
placed flush static pressure orifices on each of the aurfeces, YTurther 
investigation of this type is reecemended to determine conclusively if a 
sharp velocity cradient near an airfoil has any effect on the oscillations 
of the airfoil. 

I? it ean be showm experimentally that the presence of a gharp 
velocity gradient hes no effect on the flutter phenomena of an airfoil, 
then shear flow considerations will be reflected only in the calculation 
of mechanical admittance, in which case tho more suitable mthenmticol 
approach to a study of buffeting will be by way of statistical methods, 

From the foregoing discussion and statement of facts, this investi- 
gation seans to show that a sharp velocity gradient near an oscillating 


airfoil has no sionificant effect on its critical flutter speed. 


This would tend to substantiate the conclusion that Io's theoretleal 


eeleviations reflect the ‘idealization of a velocity gredient into an 
_ “interface" rather than xp ng the cause of buffeting. 


The small changes essocinted with the presence of a velocity 
Erediont as determined in this investigation indicate, further, thet the 


viscous shoar Clow comected with a velocity gredient of the oxder of 
‘magnitude Lixely to be encountered in practica will have such smell effect 


on the nochanical aduittence that it can be estimted sufficiently 
accurately by using the aerodynamic coefficients as measured in a wiiform 
flow. 

Moreover, as the aerodynamic coefficients ae readily determinable, 
4% can be concluded that theories for prodicting buffeting will be 
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¥. CONCLUSIONS AND REcaImMaTrons 


The evidonee fount in this investigation, thowh not conclusive, 

indicates that buffeting is simply the response of an olastie system a 
_ & turbulont flow. No conelusive evidence wa found te indtonte that a 
a) sharp velocity gradient near on air? 41 hes any effect on the oscilletions 
ee of the airfoil. 
A low speed eociLiation was found which the evidenee available 
SR staias veh dubAn pusendin. waehionn formed in the flow by the 
— set-up used to create the velocity gradient, Idinitatlons 
oc on the ninioam operating speed of the wind tunel preoluied thorough 
 tuvestication of the lover specds in the low speed range. 

Ks a “Ruther investigation of the airflow ereated by the axport- 
5 mental set-up used is recommended in order to oxplain precisely the 
= _onetLictiion Sagennene: encountered. 
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Weight of atzfotl * 3.7780 Ibe, 


979 = 19? Tagan 


Mess of airfoil 


Redd of gyration 
about c.g * 3,123" 
a about Qe ae § 3.25" 
Bah Length of spring Y Pi 
ss Gress-soction of springs © 1/16" = 1/2 
Yass of spring =. 1673 x10% Ba. 


Total spring mass 4 3046 = 10% 1h, BBSae 
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If, DETERMINATION OF NATURAL FREQUENCIES Of VIBRATION 
A. EXkeownal Frequency 


1. Ditfercnitos Eauptilon 


The following configuration is essumed in which the springs are 
bullt in at both ends and the airfoil is considered stiff as cameared to 
spring. ¥ 

s ee ache s 
——— 
Lia | TTT 
are ee a 
Considering the equilibrium of a differential length of spring, 
7 


pa 
ail “ah 
, P 
ax 
Em = O = M+ Pdx - (m + 33 ax)- S (- dy) 
Pix - SY dx + S dy = 0 


dx dx2 


Then the citfercntial equation is 


3 
eter tik ae Ps 
This has the solution 
y = & cosh qx + Cy sinh qx - TS ¢S 
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The boundary conditions are 


ee at Rik 'O 

a ae 0 at x © O 

5 ge ep at a Pima & 
x 


Substituting the boundary conditions inte the equation for x 


, ai St coh gx + sq sith qx 


_ Px P= _Ceosh_g£ -1) 
i 48 sinh 7 


— 
Wen x= 1 
oe 2B | gio gat | 
Y 8 Z sq sinh q £ 


Taking limit as q Spproaches sere 
tae uf 
i+ + ah - 


aes Lt. 
4 s sq (gy 
Cabana 
ie | PL stent 
ce. ere 
Putting q* = F 
tn? 
mr es This agrees with the deflection found by setting 


S= 0 in the differcntial ecuetion. 
The spring constant in flaxnuwe is then, talking into account both 


springs 
eg USE A SR ARAL Cee a ee 
a. iL [\- 2 (tosh_2< =! 

5 q2 sinh gt 


As an example 1%, is worked out for 5 * 40 ibs. 
The cross-section of the Springs is 


bove— | B = 30x 10° i. 


The lencth of each spring is 7.5". 


ql = 7.5% .92 = 2m 


2 
ES alee SERS OES <a PRT Sa ae 
h 25 | p- 2 ( 23 1 )] 30.0 
Oo 2.11 THs 
The flexural frequenoy, » is then: 
= Kr 30. O1 3 
“oe = gas 9.79 x {0 


= 55.5 rad./eec. 
This may be compared with Ww, for zero tension on the spring. 


Wy, = 422 rad./sos. 


2h, 
2. Enoxcy }iethod 
|; 
Jd iol 
ay Porat er re eee 
m 


Agsune a deflection curve show above, in this case, let L ve 
the length of both springs. 
a2 ag ae 
| rea Po. g 
This entisfies oll bowrinry conditions, 


&e The potential energy die to bending menenta: 


L 2 2 
ea Ri a Mave 484 1 
fo) 


b, The potential onerrcy due to loads: 
Q 
2 dase ok, ( oe 
Vy = ran dx dx 
o | 
ce. The kinetic energy of vibrating spring particles: 


L 
Fi = ee sin’ ue dx i. *. See soe 
A & = Area of Spring 


ad. The kinetic energy of the airfoil: 


Oy Veae Ae 2 
qn Rone Bits wet Yo 
Performing the indicated intorrotion and equating potential and 
kinetio enersies 
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The miss of the springs may be neglected since it is only 1/30 


of the mass of the airfoil. Par S = 40 lbs. 


30 x 10° x 1 uo x 1* 

ee ee Giant Oe Pee Te 

(15)? x 12% 2X (le) Hx 15 
i dy i | 


(S90 + Gisv 3 2 
:00979 


§6.2 rad [sec. 


The curves of flexural frequencies versus spring tension are 


plotted on Figure 9, 


It is assumed that increases in spring tension sreduces only 
second order effects on the torsional spring constant, 


From Reference 7, 


Ky = 


abe 


L where p ig a constant depending on 
the dimensions of the 
cress section 

b long dimension 


C short dimension — 


In this case, 6 = 7 


Ka 


3 
307 x + x(t) x Ml x 10’ x2 


1.5 


= 1230.1 in. Ib. 


The experimental data is plotted in Figure ¢, 
Congider the following system ‘i 


Center of Mass 


Elastic Axis 
Mode Point 


Por anall oscillations of the 


above system, the following equations 


will avply 
Ky (S@-x)” 6? 
Pobentdal energy; VY = Apis Rs + Ka -& 
2 02 
Kinctie energy: » aa mae + tS 
Using Ia Grange's equations 
I6 + K, S* © - Ky Sx + Kx O = O 


mx jn ee ee Re 


aq 


The following assumptions are made: 


a e 6 — e e \ wt 
De x = x e wut 
Ce wy” = “S 

ad. un, * = Ka 
I 


Assumptions “e" and "a" are valid if the mass of the springs is 
‘gall compared tom. The condition for a node at y 4s 


yrs or a 


Complete experimental results were obtaincd for a rence of node points 


guch that y = -= » The ecurtions then reduce to two sinultancous 


equations for Wy, and wp, 


2 w 2 
al 


wy * 


a 
=| 


eile Ge eee + us2 


where W is the frequency of oscillations about tho node, 

Solutions of the above equations far “,, and W,_ as a fimetion of 
spring tension are plotted in Figure 9, 
of spring tension. 


Note that , is independent 
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III, FINTTER SPSsD DSTCRMINATION 


The procedure and synbols used are in accordance with those 


defined in References 1 and 2. 


2 
= 3.770% = 01174 #800 = ,00979 


= 6.723 
3,133 
= 3 62k9 
e289 
=- ,0&22 
« . 6h 
= 1605 
= Shel 
= 41.5 
= 6,358 
s 78 
= 3438 
= 3.436 
= 1,000 
= 39.3 
* 238.138 
& 2.174 
= 10.733 
# 27.581 
= 1,000 
= 3,6259 


Ferg 


ins. 


PUA, , = © ~ i 


* 
s 
¥ ~ 
} t 
‘ 
7 P 
6 # 


Qy Ra, + NaRey 


~ (0, +¢, 2 -B,2F) 
26 2F 
- Aa, + (R07) “Cb +a) oy 


kK 26 
(he Ch + (4 -08)2F] 


paves Ae a 


ZAR 


1k = 2,000 

RL AAG ge Oy RR Ag 8 

Ry = #35,.7112 Bp bd =65,'7380 Bg = - »4e5919 

T, = 1.4342 C. = 290.7866 Cy = 62.9024, 

To = 203906 Sea, LA Sens 

Pik, bad ~7 815 Ap ba 53,6259 Ag = 0 

Ro, = 38,590 B, = 966.9264 By $8660 

T, * 166% = Cp = BON = Og ™ 14.282 

To. = 2679) X% = $3782 % = 2.0604 29,7075 
1K = 2.500 

ae = B81 Ap * 3.6259 Ay = 0 

Reg, 7 238.489 Bp = 66.0103 By = 9.9689 

T,, * 1.6875 Cy = 323,788. 0g = 384.296 

rt eS mH ete, Somes 


The Xy and ¥, are plotted in Figure 16, ‘Tho intersection of the 
X, and X, eves give 


Px Wa = 46.5 cyc/Sec ee Px wy b 
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IV. TYLERS FORMUIA 


Nb sinx ee 
Bae TS, & K 
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Natural frequency of torsional oscillation in cycles/sec 


b Chord of airfoil in feet 
ae Angle of attack of airfoil 
Vv Flow velocity 
tal ; - sin 20° 
\6 = 9038 
Note that Goldstein, Reference 7, defines the above formule as Nb = KK 


where b! is the width of the body perpendicular to the direction of flow, ° 
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a. Test section showing airfoil and barrier 


b. Mounting bracket and flexure 


Fig. 2 


a. 


b. 
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Flexure and spring clamp 


Weights attatched to spring 


Fig. 3 
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Sample Osillograph Recordings 


Fig. 5 


== Ale we ke OO TS 


Sa ee ~ 


NOM93S| SSOud” 3ONWLSIO 


2a 
72 


ter + 


Street 


tt nthe 


7 
ai 


| 
-ae" 


Cc 


cess. cneet 6s Hates 


— + 


pet ee | 
a 


essa BiG sO a + ‘4 
i i a 
}- 4-4 +41 


ekeat 


8 a8aen— 
cnt Paina’, 


frail 
SEDSSERHHETDEDIREEEE Headz: 
Saga oen cbzezsesed fessesees sedecueens 


SESS ANISH ORATRARRAY HRA AALS PRS saw 


Ess 
irr ee a rt te 


“ 
Seeer « 


tw SS eh 3 


a ed + 


= 


saeee 


Hi 
S2eaRnur=. 


fees tiell SSSHES 


t+ 


aunee 
} 


FE i ties 
4 : aonb 


LEAL 


EE 


fence 


Ferdi 


sadaabee 


ReeDe 


Saen 
etal 
ie 


Soteah 
: iain te 


ae 
+. 


$t-+ 
et ttt 
oan ae 


+ 
+ 


% 
anaes 
PERE 


m3 
it 


+E 


FE 


Hite 


ane. 


Ed H 
BESS PRG wy wee r } 
Titi titi ttt htt 


Het 
iasaa 


sua=3 55253 SEESSESSE 
esa pbegsee ea 


atn 


J 
Gis 


\ 


7 


ai aatain 


gree Pres 


. 
. 
, 
7 7 = *‘ ~ 
: +t ti 
ig vo @¢ 
> ~ be 
t « ie - Mane 
’ ‘ “a - + 
4 7 » j an ae ” 
at, es » ” » 
f+ (=> 


we 
pasa 
Ht 


Ti 
rrr 
ee: 


Sere See 
SE 


Peees cane - 

: a6eG meee 
Se Sa Saaes ae 
ESSER Er awe 


tt H X cre 
-f: eases: 
= : Ht +L 


NO! 
NO 


aoa: 


i 
ef 
a 
te 


HE 
i 


Be 
+ 


re 
: 


rE 

HLH eee HT 
He 
Hd 


4 


: bi = e 
ae 
law: 
os Pa 28 
aRees ane 


SHEL 
i 


HHH 


tethers edirs + 
bases oo +r 
CORD OF (8 Te eet ett 


on 


Tipe 


Sater oe 


rt 


cy 
- 


ee ee 


_ 


eae 


Eoee. 


ne 


bezs, . =e 


cares 


7 
wt 


F| 


eRe Eae 


. 
4 

oy ° 

4 

— ‘ 

re - 

+ 

eis 


Ei 
TH 


t}-+4 


BH 


a 


ai 
rat 4 
ease 


He 


Ri 


y, 
7 


aga 
IB on Lik 


PPI 


seit 
21 °o “Si 


fn 
ie 


ig 
st 
1S 


At. 


5 | 


A a 


" 


= = of 
8 
| 


4 
+h 


x 
4) * 
¥ 
» 
a 
o 
s 2 
- 7 - —— 
7 7 
’ J én : 
’ 
& te 
‘ bs > 
‘ ms ¢ a is 
* 
a ct 4 ma 
+ 
- 
= 
> 
- - , ‘ 
% * ft 7 r< f ; , a - 
& <" * - £ be - 
, ’ ; | 
eae oe ees titel eesti: hae 
fe ’ hie 7. 4 . ws an! H 
—— ol lk ek et Qe) Oo edi ~ he ——_ ae 


Saar gio. le 
=f Tote eee cas 


eae E ae ene uiniiee Hectic 
sie | DBS tay) 7, ONE AG aoe os Hts 
"oad gt eh oe ee 


4 aa + 
| H ] if ai 


+ 
i 


tH 
+ 
t i 


. 
+ 
+p 


58 SEEe: H jeaas as TH 
+4 +44 i - + 
Lit : tH sees Hit suaegee 
aeee SuRe: tf 
Hi wyatt He 
it +b : tH 
in DAS He +H sas 
4 a i eam 
eee 
{ ® i 
i | 4 
(Ty 
Vis I i 
++ 
t TT 
amen 
it 
ty 
444 
ow et 
TT 
bats 


s 
itt 


t 


ArT TT | 
eo 
Seay Paes ars i 
TA AR 
ease a ve aa. 
Beppe ee eee att EH lic coee ered ree bss ea as 
eee eee ee 


tr 
+7 


a 


Ae 
as 208 8 
titt 


aiaiit 


= 


Trt 
one! 
anh + Be ms 


ron oes 
yasee sere 
onan meena 
4 peep 
tet L ttt t+ 
Fees Sawa EHH 
oes eee cei 
tH + Heke 


ease 
ie eae ae 
Se aus 

oe 
Ses 


rab 


hte! 
INCA gp | 
ee 
og | 


So 
Het epee en eed 
TTT sasce ++ 
4-4 


f 
He 
ag 


if 


T 
is 
at 


He 
it 


HH 

if 
[EE TTE EES: 
FATE 


t 
+ 


i 
See 


auuea gaane Tr Tt ai t : o> 
Pee eee et Itt Trt He HH sons paee! 

Ht seuss Seessecees ame ShaldsesecsReuacaas : Ht 
a - + — - me ++ +-+ — 
aeRnabesEs x Tt t ttt tr 


iu 
ng 


jw Bi 


++ et 
ey +44 4b 
44 ote 


He 
alii 
Hi 
Hits 
i 
HH 
aT 
iit 


i 


‘ite 
tit 
Hal 


; 
& 
2 
* fo“ ~ 
” = 7 - 
- 
# 
” - 
+ 
a ‘ 
* 
‘ _ 
i a 
4 a 
} = 
| 
7 : 
. | 
° : Ler me z 
= a fore. . 
‘ et 7 -— = 
7 i ; 
4 “ = 
» - - ry tee tele etd ne 
: - 4 ' - ; 
‘ ' } HOES O° Spe hs Hike 
. ‘ , . at owt | eaye eh) ay 
: : Bes | a! — 
~~ + - —~ ~—r ot oe q: “= 
. k "' ' ‘ 14 he} +e: i@ . =>, 1245 


EHH aoe 


oie 


+ ze: 
f ge Haat 
a8 


ry 
a 


ao 
HEE 
Hi 


se 
t 


dati 
aps ie 


a 
a 
HEN 


i] 
+ 


ppt 


naam ratte 


t+ 


} 
A 
. UN 


Nh 
te 
: rt 


NI 


4 

MO 

e.! 
ike 
oy 
HH 
FE | 


A 
HE 
Ha 


it 
Ht 
Hl 


FEE, 


H HH 
HH 
iit 
H 
1 
ag 


HH 


i a 
igs 

+++ 

ttt 


ce 


is 


a 
Ht 


"de 


Ss ae 
fis iit ate 


NOLO: a ¢} 
edits 


wit tt 
pepe te tty 
oH ; Tt 
ase: 
ae 
' z 
mt 


ceo 


es, 


A! 
‘ 


a. = : 

ry N 

Ht jaeesaseecnes é 

sabe sees cuesesseas 
: t 


arescegs! suagpzea’ Ul 
ae oe 
tt of TER sats 
ee t rf mas 
- opty 44-7 
ss He erated 


a 


ae ch 
LA \ 


Bue 
ine 


ff 
ih wl ; 
am } 


ih 


++ 
tot 


4-4-4 
taped 


apap tt 
ore 


+44. 
+-+-4-+ 
4-4-4 
| sews 
RG wee 
toro 
tpg 
sages Sa ae 
r janes Tt 
+e + + 
ease cases F 


Ht 
me a ' 
: mame 
snowe 
a wa 
4 HH 
Saeauees 


it i art a 

eunnas 
tt eet oH tech 
poss a fe 


if 


mea td 
+ + rae a 
tt 


AH 
anes 
TT 


py 
ap oe 
$944 
tty 


+ 


ape 
; 4 oe 
a BESS 


te 


ane 
pre 
+ ~ 


rt 
itt 
os 


4 


fas 
Pree eer eee 
aghast 


inane 


Pe it : 
rats 13 
ee ome i+ RESS &| 
t es “t 
+4 fey + 
YY ies oe aera 
im + 
tits - + 


: 


anew Owe 
ene 
g begs coos’ Soeee ness cuge: 
RCH 
eae ae 
ow) 

Hie ee 
tH uae mess 


FIG. I5 


ee tee 


mw 


} 0G SS es 
rot et + ee 
Sees sees 
eee Sa 


i ees 


tt uaaee 


Ste 


} " 1 Ga Pai St iS 
tht a it 
: a 4 pty rt 
by} at ptt tet fp eee 44 
tt +. tt 
} 
+4 


+ 
; 


Ha 
ett 
rt 
Tt a o 
So B56 ew 
Ethie 
wi 


2 i 

; 

ai 

coe aoe aiee 
ea 


++ 
+4 


tt 
Ht 


oon 
aes ie 
SHEE Sern TE Gacnege 0 0ue 


Hitt ty 
anitiaie fala! 
Hou Ht Ht +H 
gee ans oe H Ht aa8 aeee 
er tereeerenatist ; 
aa aaa . 
agsseteaasseas sees 1 pe ee Hl oe 
sees 12 Hy tH At 
: 


sid iteee oe 
Teta ig 
1-4-4 ae 

HH 
ESffeste dl st HELE 


4 


© 
© 
re 


saaesasatli 


i bag : A 
I aR Ae gilt seatte 
Beaar ouese czas Ba —+— TrTT ase 
it & s S88 Skee Ramee iaaue® ia wi 
bended ro We a oe Sms est + 1 ies 4 
‘am cities ieee Gal + . aor + : : ~- ++ 
J mes a a! joa aaeel + + ++44-$5-14- ; i + HH jij. 6 
auesee +. eens ie : i } 
— het. eet aenes Sane ote : +4 i. Sagas somes 4 
reuneetas = aoe OG ee ie 2S TA ri . Sa50i saseenses---—" 
1 aes Y J : a ihe ; ; : ae , seats 
seas set SERuEoeE a a ae E panes be TEER BSR rH PCOFEr 
; : tot 28 + 7 — aa ma -r fap b pd} _ 
seoncena r 1ose5 res! 
gst! a tHe : i iSaoes ; + He re mee ‘4 : 
7 a soas = : pans oo o 
Pee aaa Te aa cuuRs eee 
: ae SEH Herne EERE 
} Lot BB ast HH ttt ett puues sue 
t ot + 4 Et 2 +t eames 
t * TT Titt eeses Titt tes 
ee =}. 


aH — 
ron 


¥ 


{| 
i 


44 


¢g 


EEE 


it} 


eeae 
+ 


‘ene 
it 


: pet 
2 : Seee A 
i 


ve 32128 
W2205 Walker 
An experimental investi- 
gation of the oscillations 
of an airfoil near a sharp 
velocity gradient. 


33125 


Walker 

An experimental investigation 
of the oscillations of an 
airfoil near a sharp velocity 
gradient. 


